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Abstract 
This study presents the experimental results on CO emissions and performance analysis obtained from two 
commercially available Belgian made modern wood stoves with capacity of 10 kW and 20 kW nominal heat output. 
Four batches in the 10 kW stove and six batches in the 20 kW stove were performed. The gaseous emissions of CO, 
CO2 and O2 were continuously measured during the combustion tests. The CO emissions during the startup phase 
were significant and about 4 times higher than combustion phase of the 10 kW stove and 3 times higher than the 20 
kW stove. The total CO emissions from all the batches varied from 447 to 1185 mg/Nm3 for the 10 kW stove and 958 
to 1545 mg/Nm3 for the 20 kW stove. The combustion efficiency obtained from all the batches was 79.5±0.7 % for 
the 10 kW stove and 77.1±1.2 % for the 20 kW stove. The results show that the total CO emissions from all batches 
of both stoves (with exception for the Batch 1 of 20 kW) satisfied the limit value of the NBN EN 13229 standard, 
while the combustion efficiency from both stoves satisfied the limit of the standard. The results of CO emissions and 
combustion efficiency from this study could be useful for the improvement of the combustion process to 
reduce emissions from these devices.  
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1. Introduction 
Biomass fuels are widely available across the globe and provide a valuable share of renewable energy 
and  meeting approximately 14% of the world’s energy demand [1]. Combustion of biomass fuel in small 
scale heating appliances is also a source of particulate matter (PM) and gaseous emissions such as 
polycyclic aromatic hydrocarbons (PAH), volatile organic compounds (VOC) and carbon monoxide (CO), 
nitrogen oxide (NOx), sulphur oxide (SOx) [2-6]. These emissions are considered as air pollutants with a 
significant environmental and health impact. Small scale heating appliances such as wood stoves and 
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fireplaces are very common in Europe. They are fired in batches that produce large variation in emissions 
during different phases of the combustion cycles. The performance of the appliances also depends on the 
operating conditions.  
The results for CO emissions from small scale combustion appliances are represented by several 
authors. Bäfver et al. [7] studied modern wood stoves of various heat capacity measured values range 
between 1800 mg/Nm3 to 2800 mg/Nm3, Pettersson et al. [8] from a 9 kW modern wood stove between 
3600 mg/Nm3 and 4000 mg/Nm3, Schmidl et al. [9] from a 6 kW modern wood stove in standard 
laboratory condition between 2300 to 2800 mg/Nm3, Roy et al. [10] from a modern wood stove between 
750 and 1700 mg/Nm3, and Koyuncu et al. [11] from a modern wood stove of 2250 mg/Nm3. These works 
[7-11] mainly report the CO emissions for a complete combustion cycle. The combustion cycle in batch 
fired stoves is generally characterized by the startup, combustion and burnout phases. It is well known that 
amounts of CO from the startup and combustion phases of batch operated stoves differ systemically. 
However, the sufficient information on distinguishing the CO emissions from different phases of the 
combustion cycle is usually not found in the literature. 
The objective of the present work was the evaluation of the CO emission from a complete combustion 
cycle and from the startup and combustion phases coupled with the combustion efficiency of two 
commercially available Belgian made modern wood stoves at nominal power output (10 kW and 20 kW) 
and the comparison of the results with the limit value of NBN EN 13229 standard. The results presented 
in this study could provide a useful input for the improvement of the combustion process aiming to reduce 
the gaseous emission from these devices. 
2. Materials and Methods 
Combustion appliances: The combustion tests were aimed to validate the levels of CO emissions and 
heat performance of the devices during minor modification of the air flows in the combustion chamber 
performed by the manufacturer. Four batches in the 10 kW stove and six batches in the 20 kW stove were 
analysed. A common configuration of the combustion chamber with air flow pattern of both stoves is 
shown in Fig.1. The volumes of the combustion chamber of the two wood stoves are respectively 0.090 
m3, (corresponding to 0.421 m height, 0.648 m width and 0.33 m depth) and 0.175 m3 (corresponding to 
0.40 m height, 1.17 m width and 0.373 m depth) for the 10 kW stove and the 20 kW stove. The top 
surface of the combustion chamber is equipped with a baffle plate made of vermiculite (high temperature 
insulation material). The other sides of the combustion chamber are insulated with refractory ceramic 
bricks made of calcium silicate. The configuration of both stoves provides two staged combustion with 
supply of primary air through the bottom of the combustion chamber and secondary air through the holes 
in the back wall approximately at middle of the height. The logwood fuel was loaded manually for each 
batch into the combustion chamber by opening the front door of the stoves. The time for supplying a new 
batch of logwood was defined from the point when no visible flame was observed and the emission 
concentration of CO2 reached about 5 %. Then a batch of logwood was supplied on the glowing bed of the 
previous fire. 
Instruments used: The experimental testing procedure for manually fired systems was performed 
according to the European standard EN 13229 [12]. The flue gases were sampled by the steel probes from 
the stack at about 1.8 m above the stoves. O2 and CO2 concentrations were measured continuously using a 
Horiba PG-250 analyzer and CO was measured using a Siemens Ultramat 6 gas analyzer. The 
measurement principles of the gas analysers were galvanic analyzer for O2 and non-dispersive infrared for 
CO and CO2. The analyzers have the measurement error of ±2 % of full scale in linearity and ±0.5 % of 
full scale in repeatability. Before the analysers, the flue gas samples were passed through the chillers to 
remove moisture. The gas analyzers were pre-calibrated with appropriate gas mixtures. Temperature of 
the indoor air and flue gas in the stack was measured by the K type thermocouples.  
 M. Obaidullah et al. /  Energy Procedia  61 ( 2014 )  2301 – 2306 2303
 
Fig. 1: Combustion chamber configuration with primary air and secondary air flow [13] 
3. Results and Discussions 
3.1. Time series of gaseous emissions 
Generally, gaseous emissions from manually fired appliances are highly variable. Fig. 2 shows the 
variations of the concentration of CO, CO2, O2 and temperature of the flue gases over the measurement 
time during the combustion cycles of the 10 kW stove. It can be seen that at the startup phase, the highest 
concentrations of CO and significant variations of temperature of the flue gas occur. During the 
combustion phase, the CO concentrations are sufficiently lower and the stack temperature is higher. The 
measurement of the burnout phase was not performed according to the testing procedure of the European 
standard EN 13229. 
 
Fig. 2: Variation of gas concentrations of CO, CO2, O2 and stack temperature measured for 10 kW stove 
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3.2. CO emissions 
As one of the objectives of this study was to evaluate the CO emission from different phases, the total 
CO emission for each batch is arbitrary presented as the startup and combustion phases based on the stack 
temperature and flame visualization criteria. The beginning of the combustion phase was defined by 
observing the relative stabilization of the stack temperature and strong visible flame. Fig. 3 shows the 
comparison of CO emissions obtained from the 10 kW and the 20 kW stoves with the required limit value 
of the NBN EN 13229 standard [14]. The error bars present the uncertainties of measurements computed 
as the square root of the sum of the square of the standard error of mean (SEM) and the instruments’ error. 
The first one (SEM) had the biggest fraction in the error estimation. The total CO emission in this paper is 
defined as the amount of CO from the startup and combustion phases. The CO emission values presented 
here are normalized with 13 % dry oxygen content. 
The figure shows that the CO emissions in the startup phase of each batch are systematically higher 
than that in the combustion phase. The elevated CO formation in the startup phase could be explained by 
the incomplete combustion, lowering the combustion chamber temperature due to opening the door for 
batch loading. The initial combustion processes as wood drying, devolatilization, etc. also influence on the 
CO emission levels. The average temperature difference between two phases is observed to be about 
20 oC for the 10 kW stove and 23 oC for the 20 kW stove. The duration of the startup phase (5-7 minutes) 
is much shorter than the main combustion phase (40-46 minutes). The levels of CO emission during the 
startup phase are about 4 times higher than combustion phase of the 10 kW stove and about 3 times higher 
than the 20 kW stove. Thus, the impact of the startup phase on the total CO emission is quite noticeable. 
We evaluated CO emissions from the complete combustion cycle as well from the startup and combustion 
phases which is the different than the previous works [7-11].  
  
(a) (b) 
Fig. 3: CO emissions from different batches, (a) for 10 kW stove and (b) for 20 kW stove 
The total CO emissions from all batches of both stoves (with exception for the batch 1 of 20 kW) 
satisfy the limit value of NBN EN 13229. The results show that the total CO emissions from all the 
batches varied from 447 to 1185 mg/Nm3 for the 10 kW stove, while 958 to 1545 mg/Nm3 for the 20 kW 
stove. It is observed that the total CO emissions with the 20 kW stove were higher than the 10 kW stove 
due to the differences in combustion chamber volume and the heat output. The average fuel load for each 
batch of the 20 kW stove (4.37 kg/batch) was about 2 times higher than the 10 kW stove (2.19 kg/batch). 
This can also be discussed in other ways. Higher air excess factor (λ=2.05) obtained in the 20 kW stove 
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might have caused lower combustion temperature, leading to high CO emissions. On the other hand, 
correctly matched air excess factor (λ=1.76) for the 10 kW stove created favourable combustion 
conditions leading to less CO emissions. The CO emissions can also vary significantly from one batch to 
another (as for example Batch 1 and Batch 4 of the 10 kW stove) which are usual for the combustion of 
logwood. No correlation was observed between CO emissions and minor modification of air flows in the 
combustion chamber. Present results of the total CO emission are close to that reported in other study of a 
residential modern wood stove [10], while quite lower with those reported in other studies of wood 
modern stoves [7-9, 11]. The current limit value of the NBN EN 13229 standard (for Belgium) is 1500 
mg/Nm3 (13 % dry oxygen content) for CO emissions from small scale heating devices. But, to reduce 
emissions from these devices, a lower limit value of 1250 mg/Nm3 (13 % dry oxygen content) for CO 
emissions will be imposed by the Belgium government from 2016 [14]. Therefore, studying and 
monitoring of gaseous emissions combined with the continuous modifying combustion devices may 
require more meticulous approach to meet the future European standard requirements. 
3.3. Performance analysis 
The purpose of the performance analysis was to determine the combustion efficiency and the losses 
associated with different batches of the combustion tests. The efficiency of the wood stoves was 
calculated as described in the European standard EN 13229 that takes thermal, chemical and radiation heat 
losses into consideration [12]. The thermal heat loss is calculated on the basis of the temperature 
difference between the flue gas and indoor air with the specific heat of the flue gas. The chemical heat 
loss is calculated from the CO and CO2 concentrations of the flue gas. Radiation heat loss is taken as 
0.5 % according to the standard. Fig. 4 shows a comparison of combustion efficiency from all 
measurements from both stoves with the limit value of the NBN EN 13229 standard [14].  
  
(a) (b) 
Fig. 4: Combustion efficiency obtained from different batches, (a) for 10 kW stove and (b) for 20 kW stove 
The obtained combustion efficiency was 79.5±0.7 % for the 10 kW stove and 77.1±1.2 % for the 20 
kW stove, which satisfies the limit value of the standard. The average thermal heat and chemical heat 
losses are estimated about 19.45 % and 0.54 % respectively for the 10 kW stove, while 21.6 % and 0.88 % 
for the 20 kW stove, which influences the variations of the combustion efficiency between the stoves as 
seen from Fig.4. The differences in efficiency can also be linked to the recorded O2 and CO2 
concentrations during the combustion tests. It can be seen for the 10 kW stove that the Batch 3 with the 
highest efficiency had relatively lower O2 concentration (8.3 %) and higher CO2 concentration (12.3 %) 
than the other batches. The combustion efficiency calculated in our measurements can be compared with 
other works. For example, Roy et al. [10] reported 75 % combustion efficiency from a residential modern 
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wood stove and Schmidl et al. [9] mentioned 75.5 % combustion efficiency from a 6 kW modern logwood 
stove in standard laboratory condition, which are slightly lower than our results. 
4. Conclusions 
This paper represents the experimental results on CO emissions from a complete combustion cycle and 
its different phases as well as the combustion efficiency obtained from two commercially available 
modern wood stoves. Following conclusions can be drawn from this study: 
x The CO emissions in the startup phase of both stoves were significantly higher than that in the 
combustion phase. CO emissions produced during the startup phase were about 4 times higher 
than combustion phase of 10 kW stove and 3 times higher than the 20 kW stove. The CO 
emission from the startup phase has significant impact on the increasing of the total CO emission. 
x Total CO emissions from all the batches varied from 447 to 1185 mg/Nm3 for 10 the kW and 958 
to 1545 mg/Nm3 for the 20 kW stove. The total CO emissions from all batches of both stoves 
(with exception for the Batch 1 of 20 kW) satisfied the limit value of the NBN EN 13229 
standard. 
x The combustion efficiency was 79.5±0.7 % for the 10 kW stove and 77.1±1.2 % for the 20 kW 
stove and satisfied the limit values of the standard as well. 
x Our results of the CO emissions from different combustion phases of the wood stoves 
demonstrate that detailing characterisation of certain parameters could be useful for the 
improvement of the entire combustion process. 
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